Abstract. Topoisomerases are essential nuclear enzymes that work to resolve topological problems that normally occur during DNA metabolism. Their involvement in crucial DNA associated-processes, such as replication, transcription and repair, mark them as a target of chemotherapeutic drugs such as camptothecins (CPTs). Therefore, finding other agents that may alter their activity is of great importance. Previous data showed that certain tyrosine kinase antagonists, tyrphostins, inhibit the catalytic activity of the cellular topoisomerase I (topo I). We examined the effect of clinically used tyrosine kinase inhibitors (TKIs), erlotinib and gefitinib, on topo I in breast and prostate cancer cells. While erlotinib and gefitinib inhibit cellular topo I in treated cells without affecting the levels of the enzyme protein, in vitro assays show that erlotinib, but not gefitinib, inhibits the DNA relaxation activity of purified topo I. Erlotinib was found to reduce the DNA-binding ability of topo I, however, the reduction in topo I activity in gefitinib-treated cells is probably due to post-translational modifications of the enzyme protein. A combined treatment of either erlotinib or gefitinib with CPT increased the effect of CPT on the activity of cellular topo I, which supports the increased anticancer effect observed in MCF7 cells. These results suggest that topo I is a novel target of erlotinib and a combination of TKIs with topo I inhibitors may be an effective treatment for breast cancer.
Introduction
DNA topoisomerases are essential nuclear enzymes that function to resolve topological problems in DNA, which normally occur during replication, transcription, and other DNA-associated processes. The family of topoisomerases has two major members -type I (topo I) and type II (topo II), and their catalytic activity involves the formation of transient covalent bridges of enzyme-DNA complexes (1) (2) (3) (4) (5) . The involvement of these enzymes in essential cellular processes tagged topoisomerases as important targets for anticancer treatments and for the development of potent, more effective, anticancer drugs.
Topoisomerase I interacts with camptothecin (CPT) and several of its analogs (i.e. topotecan, irinotecan) at the interface of the enzyme-DNA complex to induce cell-death. Topo I is the only target of these alkaloid compounds (6, 7) . Clinical activity includes phase I-III studies for the indicated FDA approved agents for ovarian, colon, small-and non-small cell lung cancers. Other topoisomerase I inhibitors are being tested in the clinic, in the treatment of pancreatic, breast and hematologic malignancies (6) .
Preclinical studies on cell lines and tumor xenografts demonstrated the antitumor activity of EGFR-TK-inhibitors, as single agent or in combination with other drugs, including topoisomerase interacting agents (8) (9) (10) (11) .
The role of epidermal growth factor receptor (EGFR) has been identified in various tumors (12, 13) . The EGFR signaling pathway is one of the most important pathways that regulate growth, survival, proliferation, and differentiation in cells.
The EGFR is overexpressed, dysregulated or mutated in many epithelial malignancies, and its activity is important in tumor growth, progression and metastatic ability. This has made these receptors the target of development of anticancer treatment approaches (13, 14) .
The most predominant clinical approach of EGFR inhibition includes monoclonal antibodies that target the extracellular domain of the receptor, and small molecule tyrosine kinase inhibitors (TKIs) that inhibit the receptor's catalytic activity (15) . Erlotinib (Tarceva) and gefitinib (Iressa, ZD-1839) are small-molecule tyrosine kinase inhibitors directed against the epidermal growth factor receptor. These molecules block the intracellular autophosphorylation of the receptor, and affects EGFR-mediated cell proliferation (16) .
It was previously demonstrated in our lab, and others, that certain small synthetic tyrosine kinase antagonist molecules,
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tyrphostins, inhibit the catalytic activity of purified topo I enzyme (17) , as well as the cellular topo I in drug-treated cells (18) .
In recent years, it has been shown in vitro and in vivo, that the combined treatment of human colorectal cancer cells, with anti-EGFR drugs and with topoisomerase I inhibitors increased the antitumor activity of either agent alone (8, 9, 19) and with no increased toxicity (10, 19) . Phase II studies have demonstrated that combined therapy of triple negative breast cancer (TNBC) with cetuximab (an anti-EGFR antibody) and cisplatin dramatically increased patients' response rate, compared to cisplatin treatment alone and doubled their progression-free survival duration (20) .
Gefitinib was found to modulate SN-38 (the active metabolite of CPT-11) ability to inhibit topo I in colorectal tumor cell lines, to accumulate cells in S-phase, and to induce apoptosis (21) . Erlotinib was found to inhibit tumor growth and metastasis in a TNBC xenograft model (20) .
These findings indicate that EGFR-TKIs can enhance the antitumor activity of other anticancer agents, as well as topoisomerase inhibitors, without enhanced toxicity, and will be effective against tumor cells.
There is an immense value in finding drugs that can modulate several cellular targets. Therefore, understanding the full potential of these drugs and their mode of action can ensure effective treatment protocols.
As tyrphostins are not clinically approved, we sought to investigate the effect of erlotinib and gefitinib on topo I. In this study we show for the first time that topo I is an additional target of erlotinib and gefitinib in drug-treated tumor cells. Their mechanism differs from camptothecins, known inhibitors of topo I. While erlotinib inhibits topo I by affecting the ability of the enzyme to bind DNA, gefitinib probably affects the enzyme through regulation of the EGFR signaling pathway. Furthermore, combined treatments based on low doses of erlotinib or gefitinib and CPT enhanced the inhibitory effect of CPT in MCF7 cells.
Materials and methods
Cells. MCF7 and PC3 cell lines were cultured as a monolayer in DMEM or RPMI-1640 medium (Biological Industries Beith Haemek, Israel), respectively, supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin and L-glutamine. Cell lines were grown in a humidified incubator supplemented with 5% CO 2 , at 37˚C.
Enzymes, antibodies and compounds. Erlotinib (Tarceva   ®   ) was kindly provided by Roche Diagnostics GmbH Pharma Research, Penzberg, Germany. Gefitinib (Iressa™) was kindly provided by AstraZeneca Pharmaceuticals (Cheshire, UK). Stock solutions of erlotinib and camptothecin (Sigma, Israel), at 20 mM (dissolved in 100% DMSO), and of gefitinib, at 50 mM, were stored in aliquots at -70˚C and diluted in DMSO before being added to the reaction mixture or to the cell culture medium. Stock solution of etoposide (Teva, Israel), at 34 mM, was stored at room temperature.
Purified calf thymus topoisomerase I was purchased from Takara Bio Inc. Supercoiled DNA plasmid pUC19 and E. coli (cells with a cloned pseT gene of bacteriophage T4) T4 polynucleotide kinase were purchased from Fermentas (Hanover, MD, USA).
The primary antisera were as follows: monoclonal mouse anti-β-actin antibody (MP Biomedicals, LLC); goat polyclonal IgG (C-15) anti-topo I (Santa Cruz Biotechnology Inc., CA, USA).
Appropriate horseradish peroxidase secondary antibodies were purchased from Santa Cruz Biotechnology Inc. Enhanced chemiluminescence (ECL) reagents were purchased from Biological Industries Beith Haemek, Israel.
Topo I DNA-binding sequence oligonucleotides were obtained from Sigma-Aldrich, Israel. [γ-
32 P]ATP was purchased from Saifan Precision Instruments Ltd., Israel.
Cell proliferation assay. Cells were plated as triplicate in 96-well plates at a density of 5,000 cells/well in 100 µl of DMEM medium and incubated overnight. Various concentrations of the drugs were added for different time intervals. Control cultures received medium containing the highest concentration of the vehicle (DMSO) present in any treatment group. Plates were incubated at 37˚C. Cell cytotoxicity was measured by the Neutral Red assay (22) . The CC 50 value for each drug was calculated.
Nuclear protein extracts preparation. Nuclear extracts for topoisomerase assays and western blot analysis from MCF7 and PC3 cells was prepared as described (23, 24) except that a mixture of protease inhibitors (final concentrations: 2 µg/ml aprotinin, 2 µg/ml leupeptin, 1 µg/ml pepstatin A, 2 µg/ml antipain, 100 µg/ml PMSF) was added to the extraction buffers. Total protein concentration was determined using the Bio-Rad protein assay kit (Bio-Rad Lab, CA, USA).
Topoisomerase I assay. Purified calf thymus topo I (1 U) or 25 ng of total nuclear proteins from drug-treated and untreated cell lines was added to a topo I specific reaction mixture containing, at a final volume of 25 µl: 20 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol, 20 mM KCl, 10 mM MgCl 2 , 1 mM EDTA, 30 µg/ml bovine serum albumin and 225 ng pUC19 supercoiled DNA plasmid. Erlotinib, at various concentrations, was added to the reaction mixture prior to the addition of the enzyme. Following incubation at 37˚C for 30 min, the reaction was terminated by adding 5 µl of stopping buffer [final concentration; 1% sodium dodecyl sulfate (SDS), 15% glycerol, 0.5% bromophenol blue and 50 mM EDTA pH 8.0]. The reaction products were analyzed by electrophoresis on 1% agarose gel using a TBE buffer (89 mM Tris-HCl, 89 mM boric acid, and 62 mM EDTA) at 1 V/cm, stained by ethidium bromide (1 µg/ml), and photographed using a short wavelength UV lamp (Chemilmager™ 5500 equipment, Alpha Inotech Corp., CA, USA). Densitometric analysis of the results was performed using the EZQuant-Gel software (EZQuant, Rehovot, Israel), and the percentage of topo I inhibition was calculated (17, 18) .
Determination of the level of topo I protein by western blot analysis.
Equal amounts of nuclear proteins derived from MCF7 cells that were subjected to different treatments, were analyzed by western blot analysis as previously described (24,25) using either anti topo I antibodiy (Santa Cruz Biotechnology Inc.), or anti-β-actin antibodies (MP Biomedicals, LLC). The immunocomplexes were detected by enhanced chemiluminescence (ECL).
Electromobility shift assays. In vitro topo I DNA-binding activity was assayed by incubating in a total volume of 25 µl for 5 min at 37˚C. A [γ-
32 P]-labeled double-stranded oligonucleotide (31-bp) containing the consensus sequence for topo I was added to the reaction mixture. Erlotinib (100 pM) or CPT (120 µM) were added to each sample. The reaction products were electrophoresed on a 6% native polyacrylamide gel that had been pre-electrophoresed for 1 h. Gel was then dried for 30 min at 80˚C and authoradiography was performed.
Oligonucleotides. Oligonucleotides sequence: sense 5'-CATG AAAAAAGACTTAGAAAAATTTTTAAAA-3'; antisense 5'-TTTTAAAAATTTTTCTAAGTCTTTTTTCATG-3' (26). Annealing was performed as followed: equal molar concentrations of oligonucleotides were incubated in STE buffer (10 mM Tris pH 8.0, 50 mM NaCl, 1 mM EDTA) in a PCR cycle, at 95˚C for 2 min, afterwards it was cooled to 25˚C for 45 min. Products were stored at 4˚C. Band depletion assay. The band depletion assay was performed essentially as previously described (10) . MCF7 cells (3x10 6 cells/flask) were preincubated with erlotinib for 3 h prior to the treatment with CPT for 1 h. The cells were removed from the flask by scraping without removing the medium (to prevent reversal of the cleavable complex), followed by centrifugation (1,000 rpm, 5 min, 4˚C). Denaturing buffer (2% SDS, 62.5 mM Tris-HCl pH 6.8, and 1 mM EDTA) was immediately added to the cell pellet, and the samples were mixed by vortexing until the turbidity disappeared. Samples were sonicated to diminish viscosity (40 bursts of 2 min each at two-thirds of the maximum output of microtip). Equal volumes of protein samples were analyzed on 7.5% SDS-PAGE followed by western blot analysis with anti-topo I antibodies.
Results

Combined treatment of erlotinib or gefitinib with CPT increases the anticancer effect of CPT in MCF7.
In order to investigate the mechanism of the combined treatment with topoisomerase-and tyrosine kinase inhibitors, we examined this effect in MCF7 breast and PC3 prostate cancer cell lines. First, cells were exposed to various concentrations (0-20 µM) of erlotinib or gefitinb for 24 h. While cells exhibit higher sensitivity to gefitinib treatment (IC 50 concentrations are 9±1 µM for MCF7 and 16±1.4 µM for PC3), MCF7 and PC3 cells were quite resistant to erlotinib treatment (data not shown), suggesting that erlotinib alone is not efficient as a cytotoxic drug for these cells. Therefore, an acceptable dose of erlotinib was chosen for the evaluation of the combined treatment. Low doses of CPT were also selected for the investigation of the combined treatment on the viability of MCF7 and PC3 cells. CPT (0.1 or 0.02 µM) and either erlotinib (0.5 µM) or gefitinib (5 µM) were administered as single agents, or in combination, and cell viability was examined for ≤72 h. While PC3 cells displayed no beneficial cytotoxic effect with the combination of CPT and erlotinib, a trend of increased cytotoxicity with gefitinib was observed, however, it was not statistically significant (data not shown). On the contrary, the combination of either erlotinib or gefitinib with CPT increased the cytotoxic effect of CPT in MCF7 cells, compared to each treatment administered alone, as depicted in Fig. 1 Combined treatment of gefitinib or erlotinib and CPT shows an increased inhibitory effect on topo I activity in PC3 and MCF7 cells. Previous data showed that certain tyrosine kinase antagonists, tyrphostins, can inhibit the activity of cellular topo I. In order to characterize the mechanism of the combined treatment, we sought to investigate the possibility that either erlotinib, or gefitinib, can exert a similar inhibitory effect. As the combined treatment demonstrated a significant cytotoxic effect after 48 h, MCF7 and PC3 cells were treated for ≤48 h with either 0.1 or 0.02 µM CPT and 1 µM of erlotinib or gefitinib.
As depicted in Fig. 2 , gefitinib reduced topo I activity in MCF7 cells by 28.6±12% (p<0.05) after 24 h ( Fig. 2A and B) ; however, this effect was decreased after 48 h (not shown). CPT (0.1 µM), as expected, reduced topo I activity by 47.1±7.3% (p<0.005). In cells treated with a combination of both drugs, a 62.8±1.1% decrease in topo I activity was observed, an additional decrease of 15.8±6.2% in topo I activity, compared to CPT alone (p<0.06) and a 34.3±10.9% additional decrease, compared to gefitinib alone (p<0.05), compatible with the increased cytotoxicity of both drugs (Fig. 1) . When we examined the effect of gefitinib treatment on the PC3 cellular topo I activity (Fig. 2C and D) we observed a non-significant reduction (~11%) after 24 h (not shown), which increased after 48 h to 39.4±6.8% (p<0.005). CPT (0.1 µM) reduced topo I activity by 69.5±6.4% (p<0.001). In cells treated with both . 2E and F) ; however, it did not reduce the enzyme activity in PC3 cells. As expected, CPT (0.02 µM) reduced topo I activity by 57.3±5.3% (p<0.001) in MCF7 cells after 48 h. Similarly to gefitinib, when we examined the combined effect of these drugs on cellular topo I activity, an increased effect was observed (81.6±5.4% reduction). This indicates that the combined treatment exhibited a 24.2±2.9% additional decrease in topo I activity compared to CPT alone (p<0.005) and a 14.7±2.6% additional decrease compared to erlotinib alone (p<0.001). These effects are compatible with the increased cytotoxicity of both drugs in MCF7 cells. While the results suggest that erlotinib and gefitinib, at the indicated doses, significantly reduce topo I activity, similarly to CPT, the different responses of MCF7 and PC3 cells to these drugs might be attributed to cell-specific properties.
Erlotinib, but not gefitinib, inhibits the DNA relaxation activity of purified topo I. As both gefitinib and erlotinib reduced topo I activity in the cell, we examined the mechanism underlying this inhibitory effect. First, we investigated the direct effect of the drug on purified calf thymus topo I. One unit of the enzyme was added to a topo I reaction mixture in the presence of various concentrations of erlotinib or gefitinib and DNA relaxation activity was examined. As erlotinib exhibited reduced solubility at high concentrations, under topo I assay conditions, low doses of the drug were examined. The results depicted in Fig. 3 show that erlotinib significantly reduced the catalytic activity of purified topo I in a dose-dependent manner, compared to the vehicle control (DMSO). Erlotinib reduced topo I activity by 63.6±9.4%, at the highest dose examined, 100 pM, while at the lowest dose of 1 fM, a 20.8±2.2% reduction in the enzyme activity was observed.
The addition of gefitinib to topo I reaction mixture did not affect the DNA relaxation activity of the enzyme, even at higher concentrations (data not shown), suggesting its indirect inhibitory effect on the cellular topo I.
Neither erlotinib nor gefitinib reduces the level of topo I protein.
The reduction in topo I activity in erlotinib or gefitinib treated cells might be due to: i) reduction in the level of topo I protein, or ii) conformational changes, post-translational modifications or otherwise, in topo I protein that affect its activity. To examine the first possibility, cells were treated with erlotinib or gefitinib and CPT, as single agents or in combination, as indicated above. Nuclear extract proteins were analyzed by western blot analysis using specific anti-topo I antibody. The results depicted in Fig. 4 show that treatment of MCF7 or PC3 cells with either erlotinib or gefitinib alone did not alter the level of topo I protein. CPT treatment, as expected (27) (28) (29) , reduced the level of free topo I protein. The combined treatments of CPT with erlotinib or gefitinib reduced topo I levels to a similar extent as CPT alone, suggesting that neither erlotinib nor gefitinib affect the level of topo I protein.
Erlotinib reduces the DNA-binding ability of topo I.
The results obtained thus far suggest that treatment of cells with erlotinib might cause a transient inhibition of topo I activity, which alters the inhibitory effect of CPT. Our previous results demonstrated that other TKIs (certain tyrphostin derivatives) inhibited topo I activity by decreasing the ability of this enzyme to bind DNA in vitro (17) . Therefore, to determine the effect of erlotinib on the DNA-binding ability of topo I, an EMSA assay was performed. A consensus 31-bp topo I DNA-binding sequence was used. Purified topo I was added to an enzyme-specific reaction mixture, which contained CPT (120 µM) or erlotinib (100 pM). High concentrations of the drugs are needed to establish a short time effect in vitro. The results depicted in Fig. 5 reveal a 36 .2±7.7% decrease (p<0.05) in the binding of topo I to the DNA, compared to the vehicle control (DMSO).
Erlotinib diminishes the CPT induced cleavable topo I-DNA complex.
Since erlotinib reduced the DNA-binding ability of topo I in vitro, we sought to investigate whether this inhibitory activity is also exerted within the cell. In a transient reaction intermediate, termed the cleavable complex, topo I links covalently to DNA through a tyrosine residue in its active site, leaving a DNA break with a free 5'-hydroxyl end. Treatment of cells with CPT results in the stabilization of these cleavable complexes and the prevention of the DNA-ligation step (30) (31) (32) (33) . To examine the effect of erlotinib and the combined treatment with CPT on the formation of topo I-DNA cleavable complexes, we used the 'band depletion' assay (25) . This assay is based on the observation that an increase in the amount of topo I bound to the DNA, because of CPT treatment, will cause depletion in the level of free topo I protein. Thus, the prevention of the enzyme ability to bind DNA will prevent the formation of topo I-DNA complexes by CPT, which will be manifested in band depletion reversal and increased level of free topo I. As this assay is used for shortterm treatments of the cells, high drug doses were employed. MCF7 cells were pre-treated with erlotinib for 3 h, followed by CPT treatment for 1 h, using similar drug concentrations (30 µM). Cells were immediately lysed with SDS, and the level of topo I protein was examined by western blot analysis, using specific anti-topo I antibodies. The results depicted in Fig. 6 demonstrate a significant decrease (51.7±12% compared to the vehicle control) in the level of free topo I in CPT-treated cells, and no effect on the level of topo I in cells treated with erlotinib alone. Pretreatment with erlotinib, before administering CPT, abolished the CPT-induced cleavable complexes and restored the level of topo I enzyme to 84.2±6.1%.
Discussion
Preclinical and clinical studies have demonstrated the antitumor activity of EGFR-TK inhibitors, as single agents or in combination with other drugs, including topoisomerase interacting agents (8) (9) (10) (11) . It has been shown in vitro and in vivo, that the combined treatment of human colorectal cancer cells, with anti-EGFR drugs (cetuximab or gefitinib) and with topoisomerase I inhibitor topotecan (TPT), increased the antitumor activity of either agent alone (8, 9, 19) . Phase II studies have demonstrated that combined therapy of triple negative breast cancer (TNBC) with cetuximab (an anti-EGFR antibody) and cisplatin dramatically increased the patient response rate, compared to cisplatin treatment alone, and doubled their progression-free survival duration (20, 34) . Indeed, cisplatin has been shown to inhibit the activity and level of topoisomerases (35, 36) . Gefitinib was found to modulate the ability of SN-38 (the active metabolite of CPT-11) to inhibit topo I in colorectal tumor cell lines, to accumulate cells in S-phase, and to induce apoptosis (21) . Erlotinib was found to inhibit tumor growth and metastasis in a TNBC xenograft model (20) and was shown to increase the antitumor activity of CPT-11 in colorectal xenografts, with no increased toxicity (10) .
We previously showed that certain tyrosine kinase antagonists, tyrphostins, inhibit the catalytic activity of the cellular topoisomerase I (topo I) (17, 18) . Since the activity of TKIs is not correlated with EGFR expression (10, 15) , and excluding EGFR mutations, resistance mechanisms have been linked to several cellular processes, such as activation of alternative tyrosine kinase receptors (such as IGF-1R) (37), constitutive ligand-independent activation of ERK or Akt (10, 37) , and expression of MDR transporter proteins (38, 39) , we examined the mechanism of the combined treatment with topoisomerases-and EGFR-targeting agents by investigating the possibility that erlotinib and gefitinib, which are currently used in chemotherapy treatments (unlike tyrphostins), exert their anticancer activity by also affecting topoisomerase I.
MCF7 breast cancer and PC3 prostate cancer cell lines were used to examine the combined effect of topo I and EGFR-TK inhibitors, and as the source for the cellular topo I. While the combined treatments with CPT, a known topo I inhibitor, and neither erlotinib nor gefitinib exhibit any significant beneficial effects in PC3 cells, an increased cytotoxicity was observed in MCF7 cells. To investigate the effect of the combined treatment on topo I, cells were treated with low concentrations of the indicated drugs to avoid cell toxicity. Interestingly, gefitinib was shown to reduce the cellular topo I activity in both MCF7 and PC3 cells, while erlotinib reduced cellular topo I activity in MCF7 cells only. These differences in cellular response suggest that both erlotinib and gefitinib exhibit a cell type dependent inhibition of topo I and the determination of the combined treatment depends on the cell type and on the assay conditions. Furthermore, in compatibility with the increased cell cytotoxicity, the combined treatment increased the inhibitory effect on topo I activity, compared to that observed by each of the drugs administered alone. Examination of the mechanism by which topo I activity is reduced by either gefitinib or erlotinib, was performed using various parameters. The reduction of topo I activity in treated cells was not due to a reduction in the enzyme protein level, suggesting possible modifications of the enzyme protein that cause this inhibitory effect. First we examined a possible direct interaction between the drugs and a purified topo I enzyme and found that only erlotinib reduced the DNA relaxation activity of the topo I, in a dose-dependent manner, while gefitinib did not affect the enzyme activity. The ability of erlotinib to directly inhibit topo I at very low doses, points to its potential as a potent topo I inhibitor. It is not yet clear why higher doses of this drug exerted less inhibitory effect in vitro, however, we found that erlotinib, at higher concentration, forms microaggregates under our assay conditions, which might interfere with its binding to the target and may diminish its inhibitory ability (data not shown). The reduction of topo I activity by erlotinib, in vitro, is due to modifications of the DNA binding ability of the enzyme, as observed by the EMSA experiment. Since no effect on the mobility of the DNA was observed, it is probable that erlotinib, by itself, did not bind to the DNA. Therefore, it is possible that erlotinib affects the conformation of topo I protein by a direct interaction with the enzyme, in a way that changes its DNA binding activity. Since we previously showed that tyrphostins, which are tyrosine kinase inhibitors, act also as topo I antagonists by altering the conformation of topo I and inhibiting its DNA binding ability (17, 18) , our present data strengthen the notion that certain TKIs exert their inhibitory activity by interacting with topo I protein.
As the in vitro data suggest that erlotinib interferes with the DNA binding ability of topo I enzyme, it is possible that this is also its mode of action in the cell. To examine this notion, we utilized the mode of action of CPT, which stabilized the DNA-enzyme cleavable complexes, and showed that pretreatment of the cells with erlotinib, prior to CPT treatment, diminished the formation of CPT induced DNA-enzyme cleavable complexes. This result suggests that pretreatment of the cells with erlotinib modified the ability of topo I to bind to the DNA and therefore less DNA-enzyme cleavable complexes were stabilized in the presence of CPT. These data are compatible with the in vitro results and with our previous finding with other tyrosine kinase inhibitors (17, 18) .
Alternatively, it is known that the activity of topo I in the cell is regulated by phosphorylation of the serine/threonine or tyrosine residues of the enzyme protein (1, 31, 32) . EGFR signal transduction pathway involves activation of serine/threonine kinases such as PKC (40) . PKC and casein kinase II were shown to phosphorylate topo I and thus regulate its activity (31) . Therefore, it is possible to suggest that the inhibition of EGFR signal transduction pathway by erlotinib will also affect PKC activity and reduce the phosphorylation level of topo I, thereby reducing its activity, as previously suggested (31) . This is supported by the inhibition of cellular topo I in gefitinbtreated cells, which exhibits a different topo I-inhibitory mechanism than that of erlotinib. Gefitinib was not found to directly interact with topo I enzyme in vitro, however, it was found to modulate EGFR signaling pathways (data not shown). As topo I protein level is not reduced after gefitinib treatment, the reduction in the enzyme activity can be a cause of a postranslational modification, such as hypo-phosphorylation, that might be mediated by the blocking of EGFR signaling. Indeed, it has been suggested that gefitinib can induce inhibition of PKC pathway (41) .
Topo I inhibition could also be dependent on the inhibition of other cellular proteins. It has been shown that erlotinib treatment suppresses the activity of certain cyclin-dependent kinases (CDKs) in breast cancer (42) , inhibits the activity of a mutant JAK2, that is found in polycythemia vera (PV) and other proliferative disorders (43) . Gefitinib was shown to inhibit and influence the production of certain growth factors and cytokines, such as VEGF, bFGF and TGF-α (15) . Several studies have shown that both gefitinib and erlotinib can modulate the activity of ABC-transporters (44) (45) (46) (47) and inhibit the ErbB-2 receptor (15, 48) , thus one may assume that other proteins might be affected by these drugs as well, including topoisomerases.
The results of this study suggest that topo I is a novel target of erlotinib, in addition to its known activity as PTK inhibitor. Therefore, simultaneous inhibition of essential cellular enzymes, such as topo I and protein tyrosine kinases, may serve as potent anticancer strategy. Our results point also to the possibility that a combination of erlotinib and gefitinib with topo I inhibitors may demonstrate an effective anti-breast cancer treatment.
